The high incidence of ductal carcinoma in situ (DCIS) and variations in its treatment have motivated studies of the comparative effectiveness of the available treatment options. In fact, the Institute of Medicine has identified the management of DCIS as a priority for comparative effectiveness research (1). DCIS itself is nonlethal. The goal of treatment is to reduce the likelihood of developing invasive breast cancer while respecting patient preferences for treatment options, which include breast-conserving surgery (BCS) alone, BCS followed by radiation, and mastectomy (2). Tamoxifen is offered to some women to reduce the risk of subsequent ipsilateral breast events, both invasive and in situ (3). The purpose of this study was to investigate the comparative effectiveness of the treatment strategies in the management of DCIS and key factors associated with variations in treatments and outcomes.
The high incidence of ductal carcinoma in situ (DCIS) and variations in its treatment have motivated studies of the comparative effectiveness of the available treatment options. In fact, the Institute of Medicine has identified the management of DCIS as a priority for comparative effectiveness research (1) . DCIS itself is nonlethal. The goal of treatment is to reduce the likelihood of developing invasive breast cancer while respecting patient preferences for treatment options, which include breast-conserving surgery (BCS) alone, BCS followed by radiation, and mastectomy (2) . Tamoxifen is offered to some women to reduce the risk of subsequent ipsilateral breast events, both invasive and in situ (3) . The purpose of this study was to investigate the comparative effectiveness of the treatment strategies in the management of DCIS and key factors associated with variations in treatments and outcomes.
Surgical decision making in patients with DCIS is influenced by the extent of disease within the breast and the presence of multifocality, which, in turn, affect the ability to achieve negative margins (areas bordering a resected tumor that are free of cancer cells) (2, 4) . In those who are candidates for breast conservation, patient preferences regarding breast preservation and receipt of radiation therapy also influence treatment selection (5, 6) . Some patients who initially attempt breast preservation ultimately have a mastectomy because of the presence of close (<2 mm) or positive surgical margins (7, 8) . The proportion of women who have breast preservation as their final surgery in the treatment of DCIS and have positive or close margins is unknown. Moreover, the clinical and nonclinical characteristics that predict receipt of breast preservation with positive or close final margins are unknown.
Radiation therapy is part of the breast conservation strategy for most patients with DCIS (9) (10) (11) (12) . Consensus guidelines, however, have for years suggested that omission of radiation therapy after BCS can be considered in women with small volume disease and Correspondence to: Andrew W. Dick, PhD, The RAND Corporation, 4570 Fifth Ave, Ste 600, Pittsburgh, PA 15213 (e-mail: andrew_dick@rand.org).
Background
The high incidence of ductal carcinoma in situ (DCIS) and variations in its treatment motivate inquiry into the comparative effectiveness of treatment options. Few such comparative effectiveness studies of DCIS, however, have been performed with detailed information on clinical and treatment attributes.
Methods
We collected detailed clinical, nonclinical, pathological, treatment, and long-term outcomes data from multiple medical records of 994 women who were diagnosed with DCIS from 1985 through 2000 in Monroe County (New York) and the Henry Ford Health System (Detroit, MI). We used ipsilateral disease-free survival models to characterize the role of treatments (surgery and radiation therapy) and margin status (positive, close [<2 mm], or negative [≥2 mm]) and logistic regression models to characterize the determinants of treatments and margin status, including the role of surgeons. All statistical tests were two-sided.
Results
Treatments and margin status were statistically significant and strong predictors of long-term disease-free survival, but results varied substantially by surgeon. This variation by surgeon accounted for 15%-35% of subsequent ipsilateral 5-year recurrence rates and for 13%-30% of 10-year recurrence rates. The overall differences in predicted 5-year disease-free survival rates for mastectomy (0.993), breast-conserving surgery with radiation therapy (0.945), and breast-conserving surgery without radiation therapy (0.824) were statistically significant (P diff < .001 for each of the differences). Similarly, each of the differences at 10 years was statistically significant (P < .001).
Conclusions
Our work demonstrates the contributions of treatments and margin status to long-term ipsilateral disease-free survival and the link between surgeons and these key measures of care. Although variation by surgeon could be generated by patients' preferences, the extent of variation and its contribution to long-term health outcomes are troubling. Further work is required to determine why women with positive margins receive no additional treatment and why margin status and receipt of radiation therapy vary by surgeon.
measures (43 in MC; 14 in HFHS), resulting in a final analytic sample that included 595 subjects in MC and 399 in the HFHS (Figure 1, A) . Our estimated completion rates for eligible subjects were 81.5% (MC) and 93.5% (HFHS). There were 27 treating surgeons for the MC sample (a mean of 22.04 subjects per surgeon), 19 of whom treated more than 10 subjects. There were 23 surgeons for the HFHS sample (a mean of 17.35 subjects per surgeon), 12 of whom treated more than 10 subjects. The institutional review boards at the University of Rochester, the HFHS , and the RAND Corporation approved the study procedures.
Data Collection
Trained medical record abstractors completed the data collection instrument via an exhaustive review of surgical, hospital, radiation oncology, and medical oncology records; pathology and operative reports; and, if necessary, primary care and gynecology records. The data collection instrument included clinical factors (age, comorbidity, menopausal status, and family history), nonclinical factors (date of diagnosis, race, ethnicity, insurance status and type of insurance, and address for census block group assignment), disease characteristics (grade, tumor size, width of the surgical margins, presence of a palpable mass at diagnosis, presence of calcifications, presence of "extensive" DCIS on pathology report, and wide negative margins (eg, >10 mm) after resection (13, 14) . Omission of radiation therapy was recently shown to be associated with a 6% ipsilateral breast event rate in women with low-or intermediate-grade DCIS, with margins of 3 mm or more compared with a 15% ipsilateral breast event rate in women with highgrade DCIS (15) . Receipt of radiation therapy after BCS in patients treated in nontrial settings has been shown to be associated with clinical factors such as age (4, 16, 17) , features of the disease such as tumor size and grade (4, 5, 17) , and nonclinical factors such as treatment site (5, 16, 18) , marital status (16) , and educational attainment (16) . Little work has been done to examine the relationship between receipt of radiation and margin status in DCIS patients, although one population-based study in Ontario found that half of 727 patients with margins smaller than 1 cm did not receive radiation therapy (4) .
Rates of ipsilateral breast tumor recurrence after surgical treatment for DCIS are influenced by attributes of the surgical treatment (BCS vs mastectomy and margin status in women having BCS) (3), receipt of postoperative radiation therapy (17, 19, 20) , extent of disease (3), nuclear grade (21), method of detection (palpation vs screening mammography) (3), younger age (3, 22) , comedo subtype (3), mammographic tumor size (23) , and comorbidity (17) .
Because DCIS is nonlethal, physicians' attitudes regarding optimal management and patient preference may have an increased role in treatment decisions. Even in the treatment of invasive cancer, which affords less discretion in decision making because of effects on survival, treatment choice and receipt of adjuvant therapy vary by physician (5, 24) . The extent to which the type of surgery, surgical margins, and receipt of radiation therapy vary by surgeon in the management of DCIS is unknown.
We conducted a retrospective study to examine patterns of care and outcomes in women with DCIS diagnosed between 1985 and 2000. We used a large clinically detailed dataset with long-term outcomes of patients treated in diverse care settings to investigate the following: 1) the comparative effectiveness of the treatment strategies in the management of DCIS; 2) the factors associated with unfavorable outcomes; 3) the role of margin status as an intermediate outcome; and 4) the role of the treating surgeon in treatment, margin status, and outcomes.
Methods

Study Sample
Women diagnosed with DCIS between the years 1985 and 2000 were identified from two tumor registries-the population-based Monroe County (MC) (New York) tumor registry and the tumor registry of the Henry Ford Health System (HFHS, Detroit, MI) (Figure 1, A) . Patients with a history of cancer before the study period were excluded, as were those with microinvasive disease. We identified 931 and 750 potentially eligible subjects in MC and in the HFHS, respectively. We excluded observations for which records could not be found (92 in MC), subjects that did not have DCIS (153 in MC; 315 in HFHS) or complete data (21 in MC; 14 in HFHS), subjects found to have Padget disease or lobular cancer (27 in MC; eight in HFHS), and observations that could not be matched with census data containing socioeconomic status
CONTEXTS AND CAVEATS
Prior knowledge
Treatment strategies for ductal carcinoma in situ include breastconserving surgery, with and without radiation therapy, and mastectomy, but the important factors influencing treatment outcomes, including extent of disease, choice of treatment, choice of physician, and margin of disease-free tissue from a resected tumor are unknown.
Study design
Clinical, demographic, and long-term outcomes data of 994 women diagnosed with ductal carcinoma in situ were used in survival, margin status, and logistic regression models to investigate the comparative effectiveness of treatment strategies and to characterize the roles of margin status and surgeon on treatment outcomes.
Contribution
There was substantial variation by surgeon in surgical treatment, receipt of radiation therapy, and margin status, all of which were statistically significantly associated with ipsilateral disease-free survival.
Implications
Treatment choices are made by both patients and surgeons, but the quality of care could be improved with more effective and standardized management of ductal carcinoma in situ by surgeons.
Limitations
The study was retrospective, and the data did not include detailed pathological characteristics of margins, which could influence treatment choices by surgeons. The roles of patient preferences in choice of treatment and surgeons and the beliefs of surgeons regarding breast conservation vs mastectomy were unknown.
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mammographic extent of disease), treatment characteristics (type of surgery; number and type of surgical procedures; treating surgeon; receipt of tamoxifen; and receipt, extent, and dates of radiation therapy), and outcomes (date and laterality of recurrence, death, and date of last follow-up). Because we extracted data directly from the medical charts, the radiation therapy data were complete.
All pathology and treatment information was collected for each diagnostic and therapeutic procedure performed, including core biopsies, BCS, re-excisions, and mastectomy. Margin status, when noted in the pathology report, was categorized into one of three mutually exclusive categories-"positive," "close" (within 2 mm), or "negative" (≥2 mm). A margin threshold of 2 mm or more has been identified as being associated with an important reduction in the risk of ipsilateral breast tumor recurrence in a recent metaanalysis (25) . The number of margins and the extent of margin involvement were not available in the pathology records for most of the patients with close or positive margins. Every histologic subtype identified in the pathology reports was recorded, allowing for multiple subtypes per subject. The 2000 Census was used to assign a census block group for each patient; socioeconomic variables for each census block group included the percentage of people living below poverty and percentage of adults who were black. A medical oncologist (J. J. Griggs), surgical oncologist (G. M. Ahrendt), and breast pathologist (L. Schiffhauer) performed continuous quality checks of the data.
A strength of our dataset is that it contains detailed pathology information for every procedure performed on each subject. Thus, we were able to define measures that accumulated pathology information from biopsies, BCS, re-excisions, and mastectomy to characterize what was known at the time of the treatment decision (surgical or radiation therapy decision) and following therapy (outcomes). For treatment models (eg, BCS vs mastectomy), we accumulated pathology information, referred to here as treatment pathology, through the point at which the final decision was made: following the last diagnostic or breast-conserving procedure but before mastectomy (among those having mastectomy). At that point, and with all of the pathology information accumulated until then, the patient decided either to undergo mastectomy or to stop surgical treatment rather than to have an additional attempt at breast preservation (re-excision). Pathology information following mastectomy could not be used to inform this decision. For outcomes models, however, the accumulation of all pathology (referred to here as outcomes pathology) through the last surgical procedure (including mastectomy) provided the best information set to predict posttreatment ipsilateral event-free survival.
The main outcome of the study was ipsilateral recurrence. Our data included the date and laterality of breast events, the type of recurrence (invasive vs in situ), and the last date of follow-up for each subject after treatment. We calculated the time from the final surgical treatment until the first ipsilateral event, death, or the last date of follow-up.
Statistical Analyses
Our goals were 1) to examine the comparative effectiveness of treatment strategies, 2) to identify the factors associated with unfavorable outcomes, 3) to quantify the role of margin status, and 4) to quantify surgeon effects on treatments and outcomes. We developed three related models (Figure 1, B ): an outcomes model (ipsilateral event-free survival), a treatment model (mastectomy, BCS alone, or BCS with radiation therapy), and a margins model (positive, close, or negative) (Figure 1, B) . We addressed goals 1-3 by examining results of the outcomes model. We combined the estimates from each of the models to address goal 4, first assessing the effects of surgeons on treatments and margin status and then the surgeon effects through treatments and margins on outcomes (Figure 1, B) .
We used bivariate analyses to assess the relationship between dichotomous indicators of outcomes (ipsilateral event vs no event), treatments (BCS alone, BCS with radiation therapy, mastectomy, and tamoxifen use), margin status, and each of the other clinical and nonclinical independent measures described above. Pearson tests of independence were used for categorical variables and for each dichotomous covariate defined for the multivariable model.
Outcomes (ipsilateral event-free survival) Model. We specified standard discrete-time duration models to estimate the relationship between time to ipsilateral breast tumor recurrence and the clinical and nonclinical factors described above. The basic element of the duration model is the transition probability, which characterizes the probability of having an ipsilateral recurrence from 1 year to the next. We specified these transition probabilities as standard logistic regression models with the log of the odds ratio given by
for the ith subject t years after surgery, where f (t) is a flexible function of duration (time since treatment, t); X C , X N , and X D are, respectively, vectors of clinical, nonclinical, and disease factors ; the b are estimated parameters ; and e is an error term. We included outcomes pathology measures in X D . We estimated Huber-White SEs to account for the fact that each study subject can contribute multiple observations of annual transitions. We specified f(t) with flexible functions to characterize duration dependence, alternatively specifying f(t) nonparametrically (entering a vector of indicator variables to characterize time since treatment) and as second-and third-order polynomials in t. Without interactions between t and the other independent variables, the model is a proportional hazards model (each of the independent variables shift the hazard function proportionally over all t ). We estimated alternative specifications to test for interactions between t and the clinical and non clinical factors to determine if the proportional hazards assumption was valid. These tests failed to reject the proportional hazards assumption. Ultimately, we determined that quadratic specifications (secondorder polynomials in t) of the hazard function produced the best combination of parsimony and fit, failing to reject the implied restrictions against the nonparametric hazard specification.
Treatment Models. We estimated multivariable logistic regression models to characterize treatment. We specified a model of mastectomy vs BCS as a function of X C , X N , and X D , where, this time, X D contained treatment pathology measures; that is, we modeled the decision to stop with BCS or to continue on to mastectomy using all the information available at the time of that key decision, including the margin status following the last BCS. We then specified a model of radiation therapy (vs no radiation therapy), given BCS, as a function of X C , X N , and X D . Because we estimated the radiation therapy equation only for those who received BCS, the treatment and outcomes pathology measures are equivalent. By estimating this sequential model (first surgical treatment, then radiation therapy conditional on BCS), we imposed a limited amount of structure on the relationships between treatments (mastectomy, BCS alone, and BCS with radiation therapy) and the independent variables. We estimated alternative specifications that included and excluded surgeon fixed effects.
Margins Models. We estimated two multivariable logistic regression models to characterize margin outcomes for those who received BCS. First, we estimated whether a woman had positive margins as a function of X As above, the use of this sequential model allowed us to impose minimal structure on the relationships between margin status and the covariates. We limited these models to the sample of women who had BCS (n = 611) because non-negative margins were very rare following mastectomy in our sample. In each model, we estimated alternative specifications that included and excluded surgeon fixed effects.
To assess the substantive importance of our estimates after adjusting for clinical, nonclinical, and disease characteristics, we calculated predicted probabilities from our multivariable model estimates. We "standardized" the predictions by assigning each subject in our sample to each treatment (alternately BCS without radiation therapy, BCS with radiation therapy, and mastectomy) and predicting the probability of each margin status [the three probabilities given by P(M = m) for m = positive, close, and negative], given BCS, from our margins models. To determine margin status when we assigned a subject to mastectomy, we carried forward the actual margin status for those subjects who actually underwent mastectomy, and we assumed negative margins for those who actually underwent BCS. We then used the outcomes model to generate the patient's predicted ipsilateral event-free survival function conditional on her assigned treatment, indexed by k, and for each margin status, indexed by m [S(Tx = k,M = m, where S is the survival function, and Tx is treatment for k = BCS with radiation therapy, BCS without radiation therapy, and mastectomy, and for m = positive, close, and negative]. Finally, for each treatment, we generated the subject's unconditional survival function as
with the sum over m = positive, close, and negative for each treatment k. We then computed the population standardized survival function as the mean of S(Tx = k) over all subjects. These standardized predictions eliminated the consequences of population differences among treatments in the comparisons of effects.
Quantifying the Role of Surgeons. To assess the importance of variation across surgeons in margin status and treatments (the surgeon fixed effects), we calculated predicted probabilities from the multivariable models under three alternative scenarios. For the receipt of radiation therapy and margins models, we set surgeon performance to be no worse than a standard (alternately the sample mean rate, the rate of the median surgeon, or the rate of the 75th percentile surgeon). Thus, we limited the variation across surgeons by systematically raising the performance (to a standard) of those performing poorly. We did not alter the performance of those who were outperforming the standard. All models were estimated using Stata version 9.0 (StataCorp, 2005, Stata Statistical Software: Release 9, College Station, TX, StataCorp LP).
Results
Most of the subjects in our study (53.9%) had more than one surgical procedure, but few (4.3%) had more than two procedures.
The first procedure was almost always BCS (93.8%). Mastectomy was more common on the second (56.1%) and third procedures (83%). We classified surgical treatment based on the last procedure performed, but as described above, we accumulated pathology information from all surgical procedures. Most of the patients (58.4%) were between 40 and 64 years of age. Only 5.3% were younger than 40 years, and 36.3% were older than 64 years (Table 1) . Many women had positive (4.6%) or close (20.0%) margins following their last surgery. Nearly 86% of the sample had DCIS detected with mammography. Approximately 61% had BCS, and approximately 60% of those had radiation therapy. The median follow-up was 5 years with a maximum of 18 years. Among women with ipsilateral breast events, 52.5% of the recurrences were in situ and 47.5% were invasive disease ( Table 1) . We calculated unadjusted ipsilateral breast tumor recurrence rates that do not account for censoring or the timing of recurrences (Figure 2) . In all treatment groups except BCS without radiation therapy, the rates of recurrence were statistically significantly different by margin status (P values reflect Pearson x 2 tests of independence), with positive margins associated with substantially higher recurrence rates. Unadjusted hazard functions for ipsilateral eventfree survival account for censoring and the timing of recurrences by admitting a quadratic function in duration but are not adjusted for other factors (Figure 3) . A comparison by treatment shows that the hazard function for BCS without radiation therapy was always higher than either of the other two functions and was particularly high in the first few years after surgery (Figure 3, A) . The hazard function for BCS with radiation therapy was higher than that of mastectomy for most of the follow-up period (Figure 3, A) . A comparison of the hazard functions by margin status shows that the hazard function for those with positive margins was high over the first few years after surgery and, although it decreased over time, it was always substantially higher than the functions for either close margins or negative margins (Figure 3, B) . The hazard function for those with negative margins was low throughout the follow-up period (Figure 3, B) .
Multivariable Outcomes Models
In the multivariable, discrete-time ipsilateral event-free survival models, we found that a quadratic specification of time since treatment (duration) was sufficient to characterize duration dependence (Table 2 ). In addition, more flexible specifications produced similar results for other parameter estimates. All of the pathology measures were defined following the last surgery (outcomes pathology) to provide the best information set for determining health outcomes. Treatments, age, margin status, comedo histology, multiple comorbidities, and mammographic tumor size were all statistically significant and substantively important predictors of outcomes; Table 2 ). Younger age was strongly associated with increased rates of recurrence (age <40 years compared with age ≥65 years, relative risk [RR] = 8.41, 95% confidence interval [CI] = 2.68 to 26.42, P < .001). Comedo histologic subtype was associated with substantially higher relative risk of ipsilateral breast tumor recurrence (RR = 2.05, 95% CI = 1.12 to 3.76, P = .02) as was having two or more comorbid illnesses (RR = 2.33, 95% CI = 1.22 to 4.45, P = .01).
The treatment received was independently associated with the risk of ipsilateral breast events. For women who had mastectomy and achieved negative margins, the relative risk of recurrence was 0.03 (95% CI = 0.01 to 0.09, P < .001) compared with women who had BCS and negative margins. Those who had BCS with positive margins had a relative risk of recurrence of 3.38 (95% CI = 1.22 to 9.34, P = .02). Radiation therapy was independently associated with a reduced relative risk of recurrence (RR = 0.25, 95% CI = 0.14 to 0.46, P < .001). Among women who had mastectomy, margin status was also important, but few women had positive (n = 4) or close (n = 20) margins. An alternative model that excluded margin status showed that, although margin status is highly predictive of recurrence rates, the exclusion of these measures had very little effect on the other covariate estimates.
Multivariable Treatment Models
Estimates of the logistic regression treatment models with and without physician fixed effects were similar; thus, we present only the results from the models with fixed effects (Table 3) . The results indicate that many of the clinical and nonclinical measures were statistically significant and important predictors of BCS. Use of BCS increased over calendar time (year) but at a decreasing rate (year 2 ). Disease characteristics and risk factors played a strong role in the determination of surgical treatment. In particular, family history (odds ratio [OR] = 0.48, 95% CI = 0.32 to 0.71, P < .001), multifocal disease (OR = 0.38, 95% CI = 0.22 to 0.67, P = .001), and extensive DCIS (OR = 0.27, 95% CI = 0.15 to 0.52, P < .001) were all associated with lower rates of BCS. Detection of disease with mammography (OR = 1.85, 95% CI = 1.08 to 3.16, P = .03) and cribiform histologic subtype (OR = 1.56, 95% CI = 1.07 to 2.28, P = .02) were associated with higher rates of BCS. There is little evidence that surgical treatment was associated with the comedo subtype of DCIS. As expected, the margin status following the last breast-conserving procedure (treatment pathology) was strongly predictive of the final surgical treatment. That is, positive margins following BCS were strongly associated with subsequent mastectomy (OR = 0.07, 95% CI = 0.04 to 0.12, P < .001). Close margins, however, were unrelated to subsequent mastectomy (OR = 0.74, 95% CI = 0.49 to 1.12, P = .16). Positive margins were fairly common in the treatment pathology (19.5% following the last breast-preserving surgery and before a possible mastectomy, Table 1) , and although positive margins were highly predictive of subsequent mastectomy, nearly 5% of the patients in our sample completed surgical treatment with BCS and positive margins and 20% with BCS and close margins ( Table 1 ). The physician fixed effects were jointly statistically significant (P = .03), revealing unexplained surgical treatment variation by surgeon. These differences across physicians occurred even when controlling for detailed clinical and pathological characteristics.
The multivariable logistic regression model for radiation therapy was estimated on the sample of women who had BCS (n = 611) ( Table 3 ). Few sociodemographic characteristics were associated with the use of radiation therapy. Subjects aged 40-49 years (OR = 4.49, 95% CI = 1.65 to 12.23, P = .003) and 50-64 years (OR = 2.71, 95% CI = 1.44 to 5.12, P = .002) were more likely to receive radiation therapy than older women. Younger women (<40 years) had similar rates of radiation therapy than older women, but the estimates are not precise because of small sample size. Clinical characteristics that were important predictors of radiation therapy included multifocal disease (OR = 2.33, 95% CI = 1.25 to 4.35, P = .008) and nuclear grade (high relative to low: OR = 6.18, 95% CI = 2.63 to 14.53, P < .001; medium relative to low: OR = 2.73, 95% CI = 1.33 to 5.62, P = .01). Margin status was not statistically significantly associated with radiation therapy. Positive margins, however, were weakly associated with lower rates of radiation therapy (OR = 0.46, 95% CI = 0.19 to 1.13, P = .09), suggesting that the women who were at increased risk of recurrence were less likely to get radiation therapy. Histologic subtype or sociodemographic characteristics (other than age) were not associated with the use of radiation therapy. The surgeon fixed effects were jointly statistically significant (P < .001), again suggesting that even after controlling for detailed clinical and pathological characteristics, there was substantial unexplained variation in rates of radiation therapy use across surgeons. When we characterized the importance of variation across surgeons by alternative adjusted prediction scenarios-in which we assigned surgeons with low radiation therapy rates alternately to mean, median, and 75th percentile values-we found that surgeon effects were large. The alternative scenarios increased the overall rate of radiation receipt by 13.7%, 14.9%, and 30.6%, respectively.
Multivariable Margin Models
The multivariable models of margin status identified characteristics predictive of positive or close margins for women who had BCS ( No other characteristics were statistically significantly associated with positive margins. Surgeon fixed effects were jointly statistically significant (P = .025), indicating that after controlling for detailed clinical and nonclinical characteristics, there was still unexplained variation across surgeons in margin status following the last surgical treatment. Quantifying the role of surgeon variation with alternative adjusted prediction scenarios, we found that the surgeon effects were large, that is, positive margins would be reduced by 45.5% (from 7% to 3.8%) if each surgeon with positive margin rates above the overall mean were assigned the mean rate. The close margins model (relative to negative margins), conditional on patients receiving BCS and not having positive margins, showed similar results to the positive margins model for extensive DCIS and nuclear grade (Table 4) . Multifocal DCIS, however, was not a statistically significant predictor. The surgeon fixed effects were jointly statistically significant (P = .04). Alternative scenarios that set surgeons' rates to no higher than the overall mean rate for positive margins over all surgeons reduced the probability of close margins by 25.5%.
The results from the outcomes and margin models were used to generate adjusted or "standardized" predictions from the models to show the substantive importance of margin status and treatment differences in ipsilateral event-free survival ( Table 5 ). The estimated adjusted probabilities of margin status given BCS indicate that 7% of patients were predicted to have positive margins and 31.2% close margins. Compared with mastectomy, in which the * Total N = 994; number of women with recurrences = 59; BCS = breast-conserving surgery; NA = not applicable; RT = radiation therapy . † Mammographic tumor size was often not applicable and therefore not recorded (unknown). ‡ Refers to pathology information through the point at which the final surgical decision was made. § Refers to the final pathology information accumulated through the final surgical procedure.
║ Histology categories are not mutually exclusive and therefore percents sum to more than 100%. ¶ 2.3% of those having mastectomy.
# 59.9% of those having BCS. observed rates were 1% for positive margins and 5% for close margins (data not shown), the results indicated that margin status differed dramatically by treatment. The estimated adjusted probabilities of 5-and 10-year ipsilateral event-free survival rates given treatment (mastectomy, BCS alone, and BCS with radiation therapy) and margin status revealed importance differences in event-free survival. Positive margins had large effects on outcomes, even for mastectomy and BCS with radiation therapy. There were substantial reductions in ipsilateral event-free survival for BCS alone vs either BCS with radiation therapy or mastectomy, regardless of margin status. The overall differences in predicted 5-year disease-free survival rates for mastectomy (0.993), BCS with radiation therapy (0.945), and BCS without radiation therapy (0.824) were statistically significant (differences in 5-year event-free survival: mastectomy vs BCS with RT = 0.047, P < .001; mastectomy vs BCS without = 0.169, P < .001; and BCS with vs without RT = 0.121, P < .001). At 10 years, each of the differences was also statistically significant (P < .001 in each case).
The Role of Variation by Surgeon in Outcomes
After quantifying the role of surgeons in treatments and margin status with the three alternative scenarios (setting surgeon effects to be no worse than the mean, median, and 75th percentile), and applying these treatment and margin effects to the outcome model estimates, we found that the effect on ipsilateral events was substantial. Setting surgeon effects to be no worse than the sample mean, median, and 75th percentile, we found reductions of 14.8%, 21.7%, and 35.0% in 5-year event rates, respectively, and 13.2%, 19.0%, and 31.4% in 10-year event rates, respectively.
Discussion
In this sample of 994 women with DCIS, for whom we had rich clinical and nonclinical data, ipsilateral event-free survival was predicted by surgical treatment, margin status, and receipt of radiation therapy. BCS in the absence of radiation therapy resulted in substantially lower ipsilateral event-free survival than either BCS followed by radiation therapy or mastectomy, regardless of margins, confirming the role of radiation therapy in the treatment of DCIS demonstrated in randomized controlled trials (9) (10) (11) (12) . BCS with radiation therapy also resulted in lower disease-free survival rates than mastectomy. Regardless of treatments, positive or close margins following the last surgical treatment substantially compromised ipsilateral event-free survival. Because close or positive margins were far more common following BCS than mastectomy, margin status contributed to the superior outcomes of mastectomy relative to BCS. Indeed, an important finding of our work is the large difference in subsequent breast event rates following BCS with positive margins, pointing to the value of additional surgery to achieve negative margins in these cases. Nevertheless, even among subjects with negative margins, we found that ipsilateral event-free survival following mastectomy was substantially greater than following BCS with radiation therapy. This increased risk of subsequent ipsilateral events may be offset, however, by patient preferences for breast preservation. We found that there were substantial differences by surgeons in surgical treatment, receipt of radiation therapy, and margin status, the three most important predictors of ipsilateral event-free survival in our outcomes model. Other investigators have similarly identified a role of surgeons in the selection of surgical procedure (26) and in the use of radiation therapy after BCS in the management of DCIS (5). Our findings suggest that this variation across surgeons is substantively important. Simply by increasing surgeons' rates of radiation therapy to no less than the sample mean, the overall receipt of radiation therapy could be increased by nearly 15%.
Similar models that predicted margin status, controlling for the detailed clinical and nonclinical factors, found very large unexplained differences by surgeon. We found that positive margins and close margins could be reduced by, respectively, 46% and 25% if all surgeons had positive and close margin rates no greater than the sample means. Because of the importance of treatment choice and margin status in predicting outcomes, these unexplained differences by surgeon could have profound implications for health outcomes. With reductions in variation by surgeon, based only on changes among those surgeons with low rates of radiation therapy and high rates of positive or close margins, we found that ipsilateral 5-and 10-year event rates could be reduced by 15%-30%. These results have important implications about processes of care, decision making, and ultimately the quality of care for DCIS.
This study had several limitations. Although we found surgeon effects to be robust to the inclusion of the rich set of clinical and nonclinical measures and to the choice of model specifications, these differences by surgeon could be explained by other unobserved clinical or nonclinical factors. Our study was retrospective and our data did not include either the extent of the margin involvement or the number or location of margins involved, either of which could contribute to treatment variations by surgeon. Patient preferences about care (also unobservable to us) could be related to the choice of treating surgeon, consequently generating unexplained differences by surgeon. For example, a surgeon could develop a reputation for aggressively pursuing breast conservation, attracting patients who would, ceteris paribus, prefer to avoid mastectomy. If unrelated to any of our observable measures, this sort of patient-surgeon matching could generate variation in treatments across surgeons that is not strictly attributable to surgeon recommendations. Not only could this matching affect initial surgical choice and the decision to pursue subsequent breastconserving procedures (re-excisions), but it could also explain the decision to decline additional surgery with close or positive margins. Depending on a woman's preferences, each of the decisions could be optimal, particularly if made with full information about the consequences. Variation in decision making by surgeons could also, however, account for the large differences by surgeon. The variation could reflect differences in surgeons' knowledge, attitudes, and beliefs, resulting in differences in treatments or margins for women who appear similar and who have equivalent preferences. For example, surgeons' beliefs regarding the importance of breast conservation or the threat of DCIS, given lack of natural history data, could generate different recommendations for care that are not consistent with differences in women's preferences. Similarly, surgeons' recommendations might vary based on their assessments of patients' ability to adhere to adequate follow-up care.
Whether through differences in surgical technique or differences in beliefs about the importance of negative margins after surgery for DCIS (or both), the independent effect of surgeon on margin status, after controlling for extensive clinical and nonclinical factors, is striking. There is currently no consensus on what constitutes a negative margin (25, 27, 28) . The width of the surgical margin-and the decision to stop surgical treatment with persistently close or positive margins-may be related to surgeons' aggressiveness with respect to the size of the excision specimen and the location of the lumpectomy cavity combined with their willingness to offer or recommend reexcision, particularly if the surgeons believe that patients will consider the need for additional surgery as a medical error. Failure to achieve negative margins could indicate an a priori need for mastectomy, * These statistics were adjusted for all socioeconomic, demographic (including census level), and pathological variables based on the estimates of the outcomes (Table 2 ) and margins models (Table 4) . BCS = breast-conserving surgery; RT = radiation therapy .
implying a failure of the breast conservation therapy strategy in a given patient. Lack of knowledge about the importance of margins, and differences in beliefs about the role of radiation therapy in local control, together with differences in physician-patient communication during the decision-making process could explain the substantial variation in the acceptance of positive margins and the determination not to proceed to mastectomy. Differences in financial incentives, such as relative reimbursement rates for BCS and mastectomy, could induce differences in surgical treatment (29) . Similarly, insufficient reimbursements for performing re-excision could result in too few efforts to achieve negative margins. We controlled for patients' insurance status and other socioeconomic status measures in our models, however, and found very little evidence that treatment choices were influenced by insurance.
The substantial variation in receipt of radiation therapy by surgeon is also a concern. The strength of referral relationships between treating surgeons and radiation oncologists could explain differences in rates of radiation therapy by surgeon in that such relationships may affect referral rates or the type of discussions held with patients about the role of radiation therapy. Surgeons may also vary in the degree of logistic support available in their practices to track referrals and follow-up after referral (30) . In addition, surgeons' beliefs about the importance of radiation therapy in improving the short-and long-term outcomes after surgery for DCIS have been shown to vary (5, 31) . Although we have shown that radiation therapy substantially increases ipsilateral event-free survival following BCS regardless of margin status, it is particularly alarming that there is not a strong relationship between margin status and receipt of radiation therapy.
Our work quantifies the important relationships among treatment choice, margin status, and ipsilateral event-free survival and identifies substantial unexplained variation in treatment choice and margin status across treating surgeons. Our results raise questions that go beyond our data. Why are patients willing to complete surgical treatment with close or positive margins? Is it because they are unwilling to undergo re-excision or mastectomy or because they are uninformed about the presence of or consequences of positive margins? How are the consequences of close or positive margins presented to patients by their surgeons, and is the presentation influenced by the surgeons' confidence that radiation therapy can adequately provide local control? The latter is particularly interesting in light of the weak relationship we found between margin status and the receipt of radiation therapy among women who received BCS.
Because these decisions have important health outcomes consequences, it would be unsettling if the variation in surgeon effects were not a reflection of differences in women's preferences about the relative merits of risk and breast conservation. Our work, however, provides no evidence regarding patient-surgeon interactions and, more specifically, whether surgeons or patients are ultimately responsible for the variation in treatments. Nevertheless, an important implication of our work is that surgeons may play a critical role both in the surgical treatment choices made by patients (the initial choice to pursue BCS and subsequent re-excisions) and in the receipt of radiation therapy. Because these are the most important factors in predicting outcomes (particularly margin status and receipt of radiation therapy), the substantial variation by surgeon suggests that the quality of DCIS care could be improved.
